Abstract A field experiment with 2,200 m 2 was performed from 2004 to 2006, in northeast Portugal, to evaluate the response of a commercial olive (Olea europaea L. cv. "Cobrançosa") orchard to different irrigation regimes on growth and yield. The trees were subjected to three irrigation treatments: rainfed conditions (T0), irrigation with 30% (T1) and 100% (T2) of crop evapotranspiration (ET c ). Seasonal dynamics of stomatal conductance (g s ) and shoot water potential varied among treatments, and responded to soil water content and atmospheric evaporative demand. Irrigation increases g s , in association with increases in water status. Annual ET c varied from around 300 mm in T0 to 700 mm in T2. Irrigation increased fruit yield, due to the greater number of fruits per tree and higher mass per fruit. Differences in oil yield among treatments were closely related to fruit yield. Moreover, oil accumulation in the fruit was delayed in rainfed conditions. Variations in fruit and oil yield was strongly influenced by variations in ET c . On average, the amount of oil produced per unit intercepted PAR increased with irrigation and for both irrigated treatments was more than double those of T0. A strategy of continuous deficit irrigation with only 30% of maximum ET c may have a very beneficial effect, since it allows increasing oil yield to more than double that of rainfed conditions.
conditions, and is considered as a well adapted crop, able to survive to periods of intense drought with acceptable production. However, most anatomical and physiological mechanisms that olive has developed to cope with water deficits have a negative effect on growth (Mariscal et al. 2000a; Bacelar et al. 2007 ) and on the yield performance of the tree (Goldhamer et al. 1994 , Pastor et al. 1996 . Irrigation has a large impact on the productivity of olive orchards (Moriana et al. 2003) even with small amounts of water (Pastor et al. 1996) .
The optimization of water use is essential to ensure the growth of the plant and therefore the production. In recent years various circumstances (good oil price, more affordable drip systems) have led to an increased interest in the adoption of irrigation both in the traditional and the new growing regions. However, available information on the amount of water to be applied to maximize production is scarce and sometimes contradictory. These differences are attributed, in part to a varying degree of adaptability of cultivars to environmental conditions and agronomic practices and to the large variability in rainfall, climate and soil types between the various growing regions (Fernández and Moreno 1999; Patumi et al. 1999 ).
Since irrigation is essential to ensure optimal yield, it is imperative to develop efficient irrigation methods for olive groves, with irrigation scheduling techniques based on the plant's actual need and optimal use of water (Fernández et al. 2001 ). In the last two decades extensive research has shown the positive response to conditions of mild water deficit imposed with deficit irrigation (DI) (eg. Behboudian and Mills 1997; Marsal et al. 2002) . With this agronomic practice, the amount of water applied is reduced to below the maximum level, allowing the development of a mild water deficit with minimal effects on production and thus this irrigation strategy is particularly important for regions where water is scarce. Accordingly to Fereres and Soriano (2007) the term DI should be defined in terms of the level of water supply in relation to maximum crop evapotranspiration (ET c ) and the terms deficit or supplemental irrigation are not interchangeable, because in the latter a maximum yields are not sought. In olive trees various strategies of DI have been studied namely, continuous deficit irrigation (CDI), with a deficit throughout the season ; regulated deficit irrigation (RDI), with a period when the irrigation is stopped (Iniesta et al. 2009 ) and partial rootzone drying (PRD) which approximately half of the root system is maintained in a drying state while the remainder of the root system is irrigated (Wahbi et al. 2005; Fernández et al. 2006; Aganchi et al. 2009 ). In olive, Goldhamer (1999) reported that the stage of pit hardening is the less sensitive to water deficit, and recommended the adoption of RDI with no irrigation during this period, with little effect on fruit production (Goldhamer et al. 1994 ) and on oil productivity (Moriana et al. 2003) .
The study of water use efficiency of biomass production (WUE), defined as the ratio of dry matter production to water use, is particularly interesting in situations where growth is affected as a result of limiting water availability (Anyia and Herzog 2004) . The increase of WUE under water stress is attributed to biomass production being reduced less by drought than water use (Anyia and Herzog 2004) .
Very little experiments were conducted in olive to evaluate de WUE under different irrigation regimes (Magliulo et al. 2003; Iniesta et al. 2009 ). This information is essential to evaluate the balance between benefit and costs associated with production, since water for irrigation in most cases is expensive. Thus, the knowledge of WUE is crucial in supporting the decision to the more appropriate irrigation management when water available is scarse.
Radiation use efficiency is defined as the ratio of the dry matter produced per unit of radiant energy used in its production (Monteith 1977) and is considered as useful tool for simulating growth of woody species (Bartelink et al. 1997) . In olive a few works was undertaken in this subject, namely the study of Mariscal et al. (2000b) which evaluated RUE and partitioning with young trees before the onset of flower production and the work of Villalobos et al. (2006) who developed a simple model of olive orchard productivity based on RUE concept of Monteith (1977) .
The present work was undertaken a) to characterize the response of canopy development and yield of olive (Olea europaea L. cv. "Cobrançosa") to different irrigation regimes and b) to evaluate the water and radiation use efficiencies for biomass production in this olive cultivar in a typical Mediterranean environment of Northeast Portugal ("Terra Quente Transmontana").
Materials and methods

Study site and experimental conditions
The experiment was conducted during three consecutive years, from 2004 to 2006, in a 10-year-old commercial olive orchard (Olea europaea L. cv "Cobrançosa") located at Vilariça Valley (Vilarelhos: 41.33º N, 7.04º W; 240 m altitude) a typical olive growing area of Northeast Portugal. The climate is typically Mediterranean with an average annual rainfall of 520 mm concentrated mainly from autumn to spring (INMG 1991) . The daily mean temperature varied between 5-9°C in winter (December/January) and 25-27°C in summer (July/August). Reference evapotranspiration (ET o ) was estimated with the FAO-Penman-Monteith equation (Allen et al. 1998 ) using daily data from an automatic weather station placed close to the experimental orchard. The mean annual ET o is 1,133 mm. ), and a mean apparent bulk soil density of 1.23 g cm . Trees of the orchard had a spacing of 6 m×6 m and the experimental layout consisted of three adjacent blocks each of these made of four rows with twenty olives trees, where only the six central trees were used for sampling. From planting until spring 2004 all blocks were irrigated equally to guarantee the uniform tree development.
Irrigation regimes
Applied water was calculated by estimating crop evapotranspiration (ET c ), which was calculated using the FAO method (Doorenbos and Pruitt 1977) as ET c ¼ ET o Â K c (Table 1) . The crop coefficient (K c ), for the irrigation period, was estimated by the model developed by Orgaz et al. (2006) for olive. The values estimated were 0.40 (May), 0.35 (June, July and August) and 0.45 (September). Thus, three irrigation regimes were applied: a rainfed control (T0) and two treatments (T1 and T2), that received a seasonal water amount equivalent to 30% (T1) and 100% (T2) of ET c . Figure 1 presents the applied water by irrigation and rainfall during the irrigation season. The trees were drip-irrigated daily by 4 drippers per tree (two at 0.5 m and two at 1.5 m from the trunk), each with a flow rate of 4 l h -1 , connected to a single drip line. The ground-water used for irrigation showed a pH of 8.4, which in the range of normal for irrigation water (Ayers and Westcot 1985) , and electrical conductivity (EC w ) equal to 0.31 dS m -1 .
Soil water and evapotranspiration measurements
Soil water content was measured every 15 d in irrigation season and monthly in the following season, using a neutron probe (model I.H. III, Didcot Instruments Ltd, UK) previously calibrated for the experimental soil. In each of the plots a single tree was monitored with 16 access tubes, placed in a quarter of unit tree surface area. The set up of access tubes was designed to sample the soil water content in the row and inter-row (Fig. 2) . The measurements were taken at 0.20 m increments, from 0.20 m to a depth of 1.0 m. At the surface (0-0.10 m) the soil water content was measured by the gravimetric method. A weighted average based on the area occupied by each access tube was performed to calculate volumetric soil water content and the extraction by the tree. Laboratory measurements showed that the volumetric soil water content (θ) is 0.34 m 3 m -3 in . The ET c was calculated by adding the ET c during the rainy and irrigation seasons. During the irrigation season ET c was determined by the water balance method. Deep percolation was assumed to be negligible based on subsoil water content measurements. Thus, ET c was calculated as:
Where R is the rainfall during the period considered, I is the amount of water applied by irrigation and Δθ is the change in the water storage in the soil profile exploited by the roots.
During the rainy season, the possibility of drainage didn't allow an accurate estimate of ET c by Eq. 1, thus ET c was calculated by the FAO method (Doorenbos and Pruitt 1977) , as explained above.
Plant water relations
Measurements of shoot water potential (Ψ), were used to evaluate tree water status. A young leafy shoot per tree was collected, from a sunny position at the crown, from 6 replicate trees per treatment. After cutting, the small leafy shoot was immediately enclosed in a plastic bag to avoid any loss of water and quickly placed into the pressure chamber (model PMS 1,000, Oregon, Corvallis, USA). All measurements were completed within 1-3 minutes after excision of the leafy shoots from the plant, and were made in the shade. Measurements of shoot water potential were taken at midday (Ψ), every 15 d from May to September in 2005 and 2006. Stomatal conductance (g s ) was measured in the same period that leaf water potential with a portable open infrared gas analyser (model ADC-LCA-3, Analytical Development Co., Hoddesdon, U.K) on two leaves per tree and in four trees per treatment. The leaves selected for measurements were of the current year and in sun exposed location longitudinal and transverse crown diameters were also measured with the same frequency as trunk diameter, for estimating canopy volume (assuming an ellipsoid) and the fraction of ground cover. During the study, in order to safeguard the comparative results, the trees in all treatments were not pruned.
During the three experimental years harvest was performed in mid-December. Fruit mass of each tree (6/treatment) was measured and two subsamples of 50 fruits were randomly collected from each tree, one for measuring single fruit mass and moisture content and the other to determine the relationship between mass of mesocarp and that of endocarp.
Samples of 40 fruits per tree in 4 trees per treatment were collected periodically to determine oil content accumulation with Soxhlet extraction (Donaire et al. 1977) . These samples were taken only in 2006 due to the low yield of trees in the rainfed treatment (T0) in 2005.
Harvest water use efficiency for fruit (WUE f ) and oil (WUE o ) was computed as the ratio between fruit dry matter yield and the mass of oil yield, respectively, and annual ET c .
Radiation use efficiency (RUE) was computed as the ratio between dry matter production and annual Photosynthetic Active Radiation (PAR) intercepted by the canopy. The amount of PAR intercepted by the canopy of olive tree was estimated by the model of PAR interception, initially developed by Mariscal et al. (2000c) and later modified by Orgaz et al. (2007) .
Results
Soil water content and ET c
In the summer of 2004 soil water content (θ) in wetted area showed differences between all treatments and in maximum irrigation (T2) θ was clearly higher than in the other treatments (Fig. 3) , whereas in the dry area there is no differences between treatments. Low rainfall in the winter of 2004-05 did not allow for soil refilling in the rainfed and the deficit irrigation treatments, so that in early spring of 2005 there were clear differences between these and the well irrigated treatment, and within T2 differences between wetted area and dry area was noticeable. During the summer of 2005, soil water decreased sharply in the rainfed treatment reaching the lower limit (0.04 m 3 m -3
) whereas in the irrigated regimes and in wetted area the decrease was quite similar and clear differences were evident only after the end of July, while in the dry area no difference were noted and θ is slight higher than in T0. Soil water content recovered after autumn rains and, in early 2006 all treatments had attained the same soil water (day 25, Fig. 3 ). In the summer of 2006 soil water showed a similar pattern than in 2005 in T0 and T1 whereas in T2 in the wetted area it remained quite stable around 0.12 m 3 m -3
. Annual ET c varied from less than 300 to 700 mm with clear differences between treatments and years ( Table 1 ). The largest reduction in ET c caused by water deficit occurred in 2005, the warmest and driest year, when ET c of the rainfed treatment was only 55% of that of T2. Annual ET c for 2004 is not presented because the experiment started late (late June), allowing the determination only of the ET c during the irrigation period. Daily ET c obtained by the water balance for the irrigation period (2005 and 2006) and for the maximum irrigation (T2) were compared with those estimated by the FAO method (Fig. 4) using the model of crop coefficients for the olive . The results showed that the model followed the pattern of behavior of ET c measured by the water balance, except at the begin of June (day 160) There were no differences in midday stomatal conductance (g s ) in spring among treatments (Fig. 6) for either 2005 or 2006. The greatest g s differences were observed by the end of the summer, when g s of rainfed trees was a small fraction of the well irrigated values. In 2005 insufficient winter rainfall led to low g s in the spring. In rainfed trees g s continued to decrease to extremely low values. In 2006, the initial g s values were higher than in 2005, and then followed a similar seasonal pattern, reaching the lowest values in rainfed plants. Following autumn rains g s recovered in stressed treatments to values similar to those of T2. However, isolated event of rains in late summer (Fig. 1) did not result in a recovery of g s values in deficit treatments despite shoot water potential recovering to values similar to those observed in well irrigated plants (Fig. 5) . 
Growth
The volume of water applied affected trunk growth (Fig. 7) . Differences in growth among treatments started in the autumn of 2004. For the whole experiment the trunk diameter of trees increased 25% in T2, 20% in T1 and 13% in T0. Tree crown size was also affected by water deficits (Fig. 7) . At the start of the study, the canopy volume did not differ among the 3 treatments. Plant canopy volume increased progressively, with the largest growth in all treatments in spring 2006. The largest increases in volume were observed for T2, where the canopy volume of the trees changed from 11 to 22 m 3 . In T1 the volume changed from 10 to 15 m 3 , while in T0 the variation was the lowest, from 9 to 13 m 3 . The fraction of ground cover showed a growth pattern similar to that of canopy volume. The values ranged from 0.17 to 0.27 in T2, from 0.17 to 0.22 in T1 and 0.15 to 0.19 in T0.
Oil accumulation, fruit production and yield components Oil concentration in the fruit was affected by the irrigation treatment (Fig. 8) . Oil accumulation had not stopped at the harvest time in T0 (Fig. 8) , while in the irrigated treatments (T2 and T1) oil concentration was almost stable. The highest oil concentration occurred for T1 (45%), while the lowest corresponded to T0 (35%).
Fruit and oil yield on a dry matter basis increased in proportion to water applied by irrigation (Table 2) . Differences between the three treatments were more marked in 2005, a year with the driest winter and summer (Table 1 and Fig. 1) , and the highest yields in all treatments were observed in 2006. The effect of treatments on oil yield resembled those found for fruit yield.
Cumulative fruit production for the three years was 5,472 kg ha -1 (T0), 11,750 kg ha -1 (T1) and 17,833 kg ha -1 (T2), corresponding to a production enhancement of 226% in T2 and 115% in T1, when compared with the rainfed treatment. Among the components of yield, both fruit number and mean fruit mass were increased by irrigation (Table 2) , although mean fruit mass in the T2 treatment reveals a behavior dependent on the fruit load.
To assess the pattern of yield response (Y, g m -2
) to variations in ET c (mm) we used biennial production data, due to the alternate bearing pattern of fruit and oil production characteristic of the olive tree. Linear regression models (Fig. 9) Annual intercepted PAR increased during the experiment with the amount of water applied (Table 3) as a result of the increased vegetative growth (Fig. 7) . Radiation use efficiency for fruit (RUE f ) and oil production (RUE o ) was affected by irrigation treatment with a distinct pattern during the three years. In 2004 and 2006 the highest value of RUE o was observed in T1 and the lowest in T0, while in 2005 RUE o increased with water applied. On average (2004-06) the RUE f and the RUE o of both irrigated treatments was more than double those of T0.
Discussion
Plant water status changed accordingly to soil water content and atmospheric conditions. During the summer, in both 2005 and 2006, water stress was severe in rainfed trees (Ψ of -6.9 MPa and even lower). In irrigated plants the decrease of Ψ during summer was much less pronounced, and in well irrigated trees (T2) the Ψ did not fall below -2.75 MPa, which is in accordance with previous findings in others studies (Fernández et al. 1997; Tognetti et al. 2004) . The decline in values of Ψ in T2 plants, in correspondence with the high water evaporative demand was already expected. This is because the olive tree is characterized by low hydraulic conductivity (Bongi and Palliotti 1994) , which is responsible for large variations in leaf water potential in response to changes in environmental factors (Lakso 1985) .
Treatment related differences were also observed in g s . In rainfed trees the lower values were associated with lower values of Ψ, reaching values close to zero, either in 2005 or 2006, when Ψ decreased to -6.9 MPa. However, isolated events of rain in late summer (Fig. 1) did not result in a recovery of g s in T0 and T1 despite shoot water potential recovering to values observed in well irrigated plants (Fig. 4) . Such delay was observed in other olive cultivars (Natali et al. 1985; Moriana et al. 2002; Tognetti et al. 2005) . Traditionally, the recovery of gas exchange (i.e., leaf conductance) after water stress has been considered slower than that of Ψ in most crops (Hsiao 1973) , including olive trees (Xiloyannis et al. 1999) . Studies on the recovery dynamic of Ψ and leaf gas exchange in olives which has been subjected at severe water stress (predawn leaf water potential of -7 MPa) showed that the day after rewatering the Ψ during the hottest hours of the day in rewatering olives trees were the same as or higher than those in controls whereas leaf gas exchange were much lower and this phenomenon lasted several days and proved to be related to the level of previously reached stress (Xiloyannis et al. 1999 ). In citrus trees, which had been subjected to similar levels of water stress that in this study it was observed that their g s not fully recover even after 2 months of full rehydratation (Fereres et al. 1979) . Nevertheless, in conditions of moderate water stress there is some evidence that olive trees do not always experience such a delay (Fernandez et al. 1997; Giorio et al. 1999) . However the study of Pérez-López et al. (2008) on potted olive trees point out that the dynamic of recovery of gas exchange depend on the rate of establishment of soil moisture. They observed that a rapid increase in soil moisture improves the recovery of leaf conductance, therefore part of this recovery may be linked to a large increase in root flow.
In olive trees such an increase has been recorded immediately after wetting during recovery from moderate water stress (Fernandez et al. 2001 ), but it is not seen if water stress has been more severe (Moreno et al. 1996) . This response could be related to the control of stomatal conductance by the root (Pérez-López et al. 2008) . A large proportion of the variation in stomatal conductance has traditionally been associated with the amount of abscisic acid sent from the roots to the leaves (Hsiao 1973) . In irrigated plants g s showed the higher values, with a pattern characterized with very high values in autumn and low conductance on days of high evaporative demand. Extremes of stomatal conductance and water potentials measured in this study were similar in range to that reported on other olive cultivars (Moriana et al. 2002; The improvement of tree water status (Figs. 5 and 6) with irrigation had a positive effect on growth, which was reflected in an increase of trunk diameter, canopy volume and in the fraction of ground cover. In rainfed conditions trunk diameter growth was more sensitive to severe water stress than canopy volume growth. Irrigation increased fruit yield, mainly due to more fruits per tree and higher mass per fruit as compared to the dry treatment. The lower fruit number in T0 and T1 treatments (Table 2 ) is a consequence of the reduction in vegetative growth (Fig. 7) and in radiation interception. In 2004 there were no differences in yield between the irrigated treatments, which was probably due to the late start of irrigation (end of June) thus not affecting fruit set as in the other years. However, in the following two years differences in yield among all treatments were observed. The plasticity of the yield components in olive in response to water was remarkable ( Table 2 ). The rainfed treatment varied the fruit number and their mass in response to the level of water stress. The severe drought during the winter of 2004/05 kept the soil moisture in the rainfed treatment (T0) at very low levels and thus the water deficit was more pronounced and earlier than in 2006 (Fig. 3) , which led to a very severe water stress (Fig. 5 ) and caused lower fruit set and lower mass, not showing any ability to recover with the autumn rains (222.3 mm), contrary to what normally happens in conditions of moderate water deficit (Lavee and Wodner 1991) . Nevertheless, this phenomenon was observed in others olive cultivars (Greven et al. 2009 ). This response could be explained by the effect of severe water deficit in the phase I of fruit growth which probably affected cellular division and the number of cells of the mesocarp. Gucci et al. (2009) studied the growth response of the olive fruit and of its component tissues to tree water status, and they observed that equatorial transverse areas of the mesocarp increased with increasing pre-dawn leaf water potential and the mesocarp cell size was more responsive to water deficit than to cell number. They observed that at 8 weeks after full bloom (AFB), the number of cells in the mesocarp was unaffected by tree water deficit, whereas cell size decreased, although slightly, in fruits sampled from trees in which pre-dawn Ψ was <-3.0 MPa, while at 21 weeks AFB, cell size showed a linear decrease with increasing level of water deficit, whereas the number of cells decreased as the pre-dawn Ψ decreased below -2.5 MPa and seemed unaffected above that range. The compensatory effect between the number and mass of fruits is evident in the T2 treatment.
Differences in oil yield among treatments were closely related to fruit yield (Table 2) . Water deficit caused an average reduction in oil yield of 75% in T0 and 35% in T1 for the two biennia considered. In T1 this reduction was lower than the reduction in fruit dry matter, which was a direct consequence of higher oil Radiation use efficiency of fruit (RUE f ) and oil (RUE o ) production are the ratio of yield and annual intercepted PAR, total intercepted PAR (Q x R sp ), fraction of PAR intercepted by the canopy (Q), incident daily PAR (R sp ), Water use efficiency of fruit (WUE f ) and oil (WUE o ) production are the ratio of yield and annual crop evapotranspiration (ET c ) (see Table 1 and 2 for more information)
concentration. Some differences in oil concentration were observed among treatments. In 2005 oil concentration was lower in T0 and slight differences were observed between T1 and T2 (Table 2 ). In 2006, the oil concentration was higher in T1, whose fruit had the lowest moisture content at harvest, while the T2 presented the lowest values. This behavior may be explained by the high moisture content (63.3%) of the fruits in T2 that may have hindered oil extraction (Motilva et al. 2000) due to emulsions formed between the droplets of oil and water. Grattan et al. (2006) observed a linear decrease in the fraction of oil extracted with increasing amounts of water applied. In irrigation experiments in olive trees oil concentration in rainfed treatments was higher than in irrigated trees, and no differences were reported between irrigation treatments (Pastor et al. 1996; Ismail et al. 1999) . The pattern of oil accumulation was affected by irrigation (Fig. 8) . A faster accumulation was observed in the irrigated treatments, with some advantage of treatment T1. It has been reported that the process of oil accumulation is sensitive to water stress (Lavee and Wodner 1991; Pastor et al. 1996) . However, Moriana et al. (2003) in cv. "Picual" found that this process was faster in deficit irrigation than in the well-watered treatment, while the pattern of oil accumulation of rainfed trees varies from year to year. It may be pointed out that at harvest time in our study, oil accumulation had not yet attained its maximum, suggesting that a later harvest could increase oil productivity.
The quantity of oil produced is regulated primarily by the amount of mesocarp available for oil biosynthesis (Hermoso et al. 2001 ). The good relationship found between the oil amount per fruit (g) and the mesocarp dry mass (g) y ¼ 0:83 Â À0:17; r 2 ¼ 0:97; n ¼ 15 ð Þ may be useful in supporting the decision of the most suitable time for harvest to optimize oil productivity, without the need for chemical analyses.
The total water used in the T2 treatment during the irrigation season was 211 mm in 2005 and 340 mm in 2006. In our study, the ET c measured by the water balance and that estimated by the FAO method (Doorenbos and Pruitt 1977) using the model of crop coefficients for the olive ) showed a general good agreement for the T2 treatment, despite some overestimation in June and the underestimation in September 2006 when heavy rainfall was recorded. The causes of these deviations are probably related to the soil evaporation component as mid summer values were in good agreement. This confirms the applicability of the model to estimate ET c in regions other than the one where it was developed. This model represents a useful tool in estimating water requirements of olive trees, assisting in the efficient management of irrigation.
The linear yield response to variations in ET c, showed that transpiration efficiency was 1.05 kg m -3 for fruit, and 0.35 kg m -3 for oil. The value obtained for fruit is very close to that found (0.9 kg m -3 ) by Villalobos (1999) in cv. "Picual" for southern Spain, and that obtained for the seed production in sunflower (Helianthus annuus L.) in the same region (Villalobos et al. 1996) . By contrast, in olive (cv. ) for oil production was very close to that reported by Moriana et al. (2003) in southern Spain, and that observed for cv. "Arbequina" in the same region by ). In California, Goldhamer et al. (1994) found that the yield of mature olive trees (cv. "Manzanillo") responded linearly to the amount of water applied up to 950 mm. However, subsequent investigations of Goldhamer (1999) in the same cultivar suggest that irrigation may be interrupted during the summer without causing a significant impact in production.
For the biennium (2005-06) the values of WUE o for oil found in our study increased with water applied. In contrast Iniesta et al. (2009) The water deficit caused an average reduction in annual intercepted PAR in the 3 years of the study of 20% in T1 and 31% in T0. Iniesta et al. (2009) reported an average reduction of 18-20% in annual intercepted PAR in olives trees under CDI and RDI, while water transpired was reduced further (45-50% less than well irrigated plants), indicating stomatal closure. In our experiment the average radiation use efficiency (2004-06) ranged from 0.05 (T0) to 0.12 (T2) g MJ -1 for oil. Excluding the first year because irrigation started late, and considering only the T2 treatment we may compare to other studies with well watered trees. In 2005 RUE o was 0.15 g MJ -1 which is very close to that reported by Villalobos et al. (2006) . In 2006 this value decreased to 0.12 g MJ -1 . Considering the average of these two years the RUE o was 0.14 g MJ -1 , indicating that the "Cobrançosa" olive trees are close to its potential production as limited by radiation interception. Further increases in productivity would require an increase in crown size and thus, intercepted PAR.
The results allows to conclude that, in the region of "Terra Quente Transmontana", where water resources are scarce, and for the cv. "Cobrançosa" irrigation may increase oil yield, on a dry matter basis, up to 0.35 kg per m 3 of water transpired. However a strategy of continuous deficit irrigation with only 30% of maximum ET c may have a very beneficial effect, since it allows increasing oil yield to more than double that of rainfed conditions. In this case yield is reduced only 25% as compared to maximum irrigation, while saving 60% of applied water. This response is very important, since a deficit irrigation strategy is presented as essential for sustainable olive growing, due to limited water resources in the Mediterranean region and which are expected to decrease in the future. However, the study of different deficit irrigation strategies is still needed for cv. "Cobrançosa" to refine the adoption of an efficient irrigation strategy in situations where full irrigation supply is not viable.
